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Genetic engineering of natural light-gated ion channels has proven a powerful way to 24 generate optogenetic tools for a wide variety of applications. In recent years, blue light-25 activated engineered anion conducting channelrhodopsins (eACRs) have been developed, 26 improved, and were successfully applied in vivo. We asked whether the approaches used to 27 create eACRs can be transferred to other well-characterized cation-conducting 28 channelrhodopsins (CCRs) to obtain eACRs with a broad spectrum of biophysical properties. 29
We generated 22 variants using two conversion strategies applied to 11 CCRs and screened 30 them for membrane expression, photocurrents and anion selectivity. We obtained two novel 31 eACRs, Phobos and Aurora, with blue-and red-shifted action spectra and photocurrents 32 similar to existing eACRs. Furthermore, step-function mutations greatly enhanced the cellular 33 operational light sensitivity due to a slowed-down photocycle. These bistable eACRs can be 34
reversibly toggled between open and closed states with brief light pulses of different 35 wavelengths. All new eACRs reliably inhibited action potential firing in pyramidal CA1 36 neurons. In Drosophila larvae, eACRs conveyed robust and specific light-dependent 37 inhibition of locomotion and nociception. 38
Compared to existing eACRs, Phobos and Aurora exhibit blue-and red-shifted action 74 spectra, making them potentially suitable for dual-wavelength experiments with spectrally 75 distinct actuators or sensors of the optogenetic toolbox. Adding the step-function mutation 76 C128A to Aurora, Phobos and the previously published iChloC 6 yielded bi-stable versions 77 which could be toggled between open and closed states with short light pulses. 78
We characterized the biophysical properties of these new eACRs in HEK cells and verified 79 their silencing ability in organotypic hippocampal slice cultures. Potent eACR variants were 80 further tested in larvae of Drosophila melanogaster, an organism where the classical light-81 activated ion pumps halorhodopsin (NpHR) 21, 22 and archaerhodopsin Arch 23 show modest 82 effects. In contrast to eNpHR, light-activation of Aurora or the step-function variant of Phobos 83 in nociceptive class IV dendritic arborization (C4da) neurons 24 acutely abolished nociceptive 84 behavioral responses and reversibly decreased locomotion when expressed in motor 85 neurons. 86 87
Results: 88

Biophysical characterization in HEK cells 89
To obtain new eACRs with distinct spectral and kinetic properties, we aimed at converting 90 well-characterized CCRs with known biophysical properties into anion channels. For this, two 91 distinct, previously successful approaches were taken 4, 5, 7 According to the first approach 7 , we 92 replaced the central gate glutamate (E90R; CrChR2) with arginine in various CCRs (Figure  93 1A, B). The new mutants were expressed in HEK cells and tested for membrane expression 94 and photocurrents. TsChR E72R (Tetraselmis striata ChR) 25 , PsChR2 E73R (Platymonas 95 subcordiformis ChR2) 26 , VcChR1 E85R (Volvox carteri ChR1) 27 and Chronos E107R 96 (Stigeoclonium helveticum ChR) 25 did not yield detectable photocurrents ( Figure 1B, Figure  97 S2A). Because Chronos exhibits no serine at the homologous position of S63, which is a 98 main constituent of the inner gate in CrChR2 we speculated that a differently arranged inner 99 gate could be responsible for the missing photocurrents. Therefore, we created the double 100 mutant Chronos A80S E107R to reconstitute a serine residue at the putative inner gate while 101 rendering the central gate anion conductive. But this mutant also remained non-functional 102 (data not shown). The chimeric CCRs C1C2 E129R 28,29 and C1V1 E129R 30,31 showed partial Cl --103 conductivity but current amplitudes were below 10 pA and membrane localization was poor 104 ( Figure 1B, Figure S2A ). The mutated TcChR (Tetraselmis cordiformis ChR) 25 displayed 105 photocurrents, but the reversal potential was not shifted upon change of the Clgradient 106 ( Figure 1B, Figure S2A ). In case of the spectrally red shifted CCRs Chrimson 107 (Chlamydomonas noctigama ChR1) 25 and ReaChR 32 , the E90R homologous mutation 108 caused reduction of photocurrents and a strong deceleration of channel closing. However, 109 again no (Chrimson) or only minor (ReaChR) shifts of the reversal potential after changing 110 the Clgradient were detected ( Figure 1B, Figure S2A ). The only CCR that could be 111 converted using this strategy was the highly CrChR2-related CoChR ( Figures 1B, S2A and 112 S10) from Chloromonas oogama 4, 25 . As shown previously, additional introduction of the 113 iChloC homologous mutations (CoChR E63Q E70R E81S ) further improved the Cl --selectivity 114 ( Figures 1B, S3 ) but neuronal expression revealed toxic side effects 6 . Because the ChloC 115 conversion strategy (i.e. to replace the homologous glutamate 90 in the inner gate) was not 116 generalizable to other CCR variants, we proceeded with the second approach and 117 transferred mutations and an N-terminal sequence from the eACR iC++ 4 to the same group 118 of CCRs ( Figure 1A, B ). Most constructs (TcChR, TsChR, PsChR2, Chronos and Chrimson) 119 showed no photocurrents and only weak expression and/or membrane localization ( Figure  120 S2B). As with the ChloC strategy, CrChR2 T159C and CoChR could be successfully converted 121 and showed high Cl --selectivity. However, both variants showed no improvements compared 122 to iC++ (Figures 1B, S2B ) and were not further investigated. Conversion of the red-shifted 123 CCRs 27 was also successful, but the converted VcChR1 and C1V1 showed photocurrents 124 below 10 pA. In contrast, the modified VcChR1-derivate ReaChR displayed robust current  125   amplitudes upon illumination with green light, which were comparable to iC++ photocurrents,  126   evoked by blue-light (Figures 1D,E, S2B). Thus, both engineering strategies previously used  127 to generate iChloC and iC++ are not generally applicable to convert CCRs into eACRs. Only 128 CrChR2 T159C , CoChR and ReaChR were successfully transformed with the iC++-based 129 strategy. ReaChR, due to its red-shifted action spectrum, is a promising new candidate for a 130 green/yellow/red light activated ACR. Since no CCR with blue-shifted absorption (TcChR, 131 TsChR and PsChR2) could be successfully converted, we aimed to shift the absorption of 132 iC++ by introducing the mutations T159G and G163A that are present in all three deep-blue 133 absorbing CCRs 25 ( Figure S1 ). These mutations induced a blue-shift when the homologous 134 mutations were used in the parental C1C2 construct 33 . The double mutant iC++ T159G G163A 135 indeed showed blue-shifted maximal activity ( Figure 1C In summary, our screen of 22 different putatively anion-selective constructs yielded two 138 functional eACRs with novel properties, namely the blue-shifted iC++ T159G G163A , which we 139 termed Phobos and the red-shifted anion-selective ReaChR variant, which we termed 140 Aurora. 141 We next characterized the biophysical properties of Phobos and Aurora in HEK cells 142 alongside the two established eACRs iC++ and iChloC. Phobos showed photocurrent 143 properties similar to the parental iC++. Light application evoked fast currents that decayed to 144 a stationary level under constant illumination. After light shutoff the current rapidly decayed to 145 baseline with a time constant of 10.1 ± 0.8 ms ( Figure 1D , 2A,F). Aurora, like the parental 146 ReaChR 32 , showed higher inactivation and slower off-kinetics (264 ± 19 ms). As previously 147 demonstrated for ReaChR 32,34 , high stationary currents could also be evoked with orange 148 light (590 nm), where no fast peak current is observed, making Aurora suitable for red-shifted 149 activation ( Figure 1E ). 150
The action spectrum maxima of the new ACRs were substantially shifted to 467 nm (n = 6, 151 Phobos), and 517 nm (n = 5, Aurora) compared to the maxima of iC++ and iChloC with 488 152 nm (n = 9) and 494 nm (n = 6), respectively ( Figure 1C ). Thus, the T159G G163A mutations 153 resulted in a 21 nm blue-shift with respect to the parental iC++. When longer light pulses 154 (500 ms) with 10-fold increased photon irradiance were used, the action spectrum of Aurora 155 broadened 32 , revealing two peaks at 419 nm and 585 nm (n = 6). The central part of the 156 spectrum showed a minimum in the region where the low intensity spectrum was maximal 157 ( Figure 1C ), possibly caused by inactivation due to absorption of the dark state and the L-158 state in the same spectral range 34 .
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Next, we aimed to slow down the photocycle of iChloC, Phobos and Aurora to create 160 bi-stable eACRs with decelerated closing kinetics 4, 19, 20 , enabling accumulation of eACRs in 161 the open state during illumination ( Figure S4A ). As a consequence, under continuous 162 illumination the light dose required to achieve half-maximal photocurrents (ED 50 ) was orders 163 of magnitude lower compared to non bi-stable eACR variants ( Figure 2B , C, G, S4). Thus, 164 the relative light sensitivity (1/ED 50 ) increased. This gain in ion flux per photocycle allows for 165 optogenetic silencing of cells at low light intensities, if ms-precision is not mandatory 8 . 166
Previously, introduction of the C128A mutation in iC++ produced a bi-stable eACR called 167 SwiChR++ whose closing kinetics can be accelerated by red light, making it switchable 168 between open and closed conformation with short light pulses 4 ( Figure 2D -H). Similar to 169 SwiChR++ (here termed iC++ CA for consistency), where we measured a 3333-fold longer 170 closing time constant than for iC++, our new C128A variants of iChloC, Phobos and Aurora 171 showed 19-fold, 24559-fold, and 1604-fold reductions in their off-kinetics, respectively 172 ( Figure 2A , F). ED 50 values and closing time constants were linearly related at saturating light 173 pulse duration (1 s for Phobos, Aurora and iC++, 12 s for iChloC, iC++ CA , Phobos CA , iChloC CA 174 and Aurora CA ) except for iChloC, which had a slightly elevated light sensitivity compared to 175 its closing time constant ( Figure 2G ). Aurora (ED 50 = 0.037 ± 0.003 mW/mm²; n = 5) already 176 showed a higher light sensitivity compared to Phobos and iC++ (ED 50 = 0.22 ± 0.06 mW/mm 177 ², n = 5 and 0.21 ± 0.01 mW/mm², n = 6) due to slower off kinetics ( Figure 1C ), indicating secondary 180 photochemistry at high light intensities 34 . Orange light (590 to 600 nm) could be used to 181 excite Aurora at the second peak ( Figure 1C ). However, light sensitivity was 14 fold lower 182 compared to 530 nm, but only 2-3 fold lower compared to Phobos or iC++. Upon activation 183 with 490 nm light iC++ CA partially inactivated already at medium light intensities, but blue-184 shifting the activation wavelength abolished partial inactivation ( Figures 2B, S4C ). The off-185 kinetics of step-function eACRs could be accelerated by light in a wavelength and intensity-186 dependent manner as reported for other step-function ChR variants 4, 19, 20, 35 . To determine 187 their inactivation spectra, we activated the step-function eACRs (10 ms) and applied a 188 second light pulse of varying wavelengths but equal photon irradiance ( Figure 2D ). The 189 maximal inactivation of slow-cycling eACRs was found at 589 nm (n = 6, iC++ CA /SwiChR++), 190 603 nm (n = 5, iChloC CA ), 580 nm (n = 4, Phobos CA ) and 626 nm (n = 5, Aurora CA ) ( Figure  191 Figure 2H ). 205
Next, we systematically compared the following additional parameters of Phobos, Aurora, 206 iC++, iChloC and their respective C128A variants in HEK cells: photocurrent amplitude, 207 reversal potential and membrane targeting. First, to determine membrane localization with 208 higher precision than possible with our initial conventional epifluorescence images ( Figure  209 S2, S3), we imaged mCherry labeled eACRs, in HEK cells labeled with the membrane 210 marker Vybrant® DiO by confocal microscopy. All eACRs showed almost exclusive plasma 211 membrane localization with no or only minor fractions of protein found in intracellular 212 compartments ( Figure 3A ). The relative membrane targeting was >89 % (n = 11 to 21) for all 213 constructs ( Figure 3B ). At saturating light intensities and wavelengths (c.f. Figure 1D , E) 214 average stationary photocurrents of fast-cycling eACRs ranged between 560 and 720 pA, 215 similar to iC++ and two times larger than iChloC. Except for iChloC, all slow-cycling eACR 216 variants had 40 to 60 % smaller current amplitudes compared to their parental constructs 217 ( Figure 3C ) caused by photochemical back-reactions. When activated with 590 nm, which 218 corresponds to the second activation peak, photocurrents of Aurora and Aurora CA reached 219 69% of the green light evoked photocurrent. Finally, we verified chloride selectivity by 220 measuring the reversal potential (E rev ) for light-evoked photocurrents under asymmetrical Cl -. 221 E rev deviated only minimally from the Cl --Nernst potential under the measured conditions for 222 all eACRs (-65.1 ± 0.3 mV, n = 5 to 8) confirming their high chloride selectivity ( Figure 3D Consistent with our measurements in HEK cells, Phobos showed a blue-shifted action 260 spectrum in neurons, which peaked at 460 nm and was truncated in the long-wavelength 261 light regime ( Figure S5 ). The peak current was reduced to half-maximum between 500 and 262 525 nm (500 nm: 68.8 ± 5 % and 525 nm: 41 ± 5 %). Like Aurora, Phobos generated a fast 263 phasic current component, which was absent when activated with more red-shifted light 264 ( Figure 4F ). As for Aurora, the ability to block action potentials was tested with illumination at 265 various wavelengths (365 to 635 nm) and intensities (0.1, 1, and 10 mW/mm 2 ) for 200 ms 266 during 500 ms depolarization steps. In agreement with the measured action spectrum, spikes 267 were efficiently blocked (>90%) with light up to 525 nm at a saturating intensity of 268 10 mW/mm 2 . At 1 mW/mm 2 spike block was only efficiently achieved between 269 435 to 500 nm. With 0.1 mW/mm 2 action potentials were not efficiently blocked anymore. The 270 maximal effect (50 %) was reached at 460 nm, the peak of the action spectrum of Phobos 271 ( Figure 4G , H, S5). 272
To assess the silencing performance of Aurora and Phobos at their optimal activation 273 wavelengths more quantitatively, we measured their ability to shift the rheobase upon 274 activation at different light intensities. Depolarizing current ramps (from 0-100 to 0-700 pA) 275 were injected into the somata of Aurora-and Phobos-expressing neurons in the dark and 276 during illumination with green (525 nm) or blue (460 nm) light respectively, at intensities 277 ranging from 0.001 to 10 mW/mm 2 ( Figure 4I ). A significant shift of the rheobase towards 278 larger currents was detected in Aurora-expressing neurons during illumination at intensities 279 starting from 0.1 mW/mm 2 (p= 0.04, one-way ANOVA followed by Dunnett's multiple 280 comparison test n= 6, Figure 4J ), while Phobos-expressing cells required illumination with at 281 least 1 mW/mm 2 for a significant rheobase shift (p= 0.009, one-way ANOVA followed by 282
Dunnett's multiple comparison test, n= 6, Figure 4J ), reflecting a higher light sensitivity of 283 Aurora expressing cells ( Figure 2G ). Comparing the two novel eACRs to iChloC 6 , the 284 maximal rheobase shifts were similar, indicating that all three eACRs have the same 285 silencing efficacy at high light intensities. However, in agreement with the relationship 286 between closing time constant and relative light sensitivity ( Figure 2G ), fast-cycling eACRs 287 require more light to reach their maximal silencing capacity. 288
Next we asked whether the bi-stable variants of Phobos, Aurora and iChloC (C128A) are 289 suitable to block action potentials for an extended time period after a brief light flash and 290 whether this block could be reverted with red-shifted illumination, as suggested by the HEK 291 cell measurements ( Figure 2H ). Like their parental constructs, Phobos CA , Aurora CA and 292 iChloC CA were fused with Citrine and expressed together with mCerulean ( Figure 5D , S6A-293 B). All three step-function eACRs produced photocurrents in voltage clamp experiments. 294
Similar to HEK-cell measurements the net activation spectra were slightly blue-shifted 295 compared to the parental fast cycling eACRs. Also, inactivation spectra peaked at similar 296 wavelengths (Figures 5A-C, S6C-F). To assess spike-block performance, we repeatedly 297 injected, depolarizing current steps (2 s duration) at an interval of 0.2 Hz in current clamp for 298 one minute, which reliably evoked action potential firing ( Figure 5E, S7 ). To open the 299 respective step-function eACR and thereby inhibit action potentials, we applied a 20 ms light 300 flash (Phobos CA : 460 nm, iChloC CA : 470 nm, Aurora CA : 525 nm) after 5 s. Action potentials 301 were efficiently blocked by Phobos CA and iChloC CA in the following 55 s ( Figure S7 ). Also 302 activation of Aurora CA resulted in long-lasting inhibition of action potential firing. However, we 303 noted a slight depolarization of the resting membrane potential in Aurora CA expressing cells 304 during current injection in the dark ( Figure S7A ) indicating a depolarizing leak conductance in 305 Aurora CA expressing neurons, which is further supported by altered membrane parameters 306 and spike properties in the dark ( Supplementary table 1) . Moreover, the membrane markedly 307 depolarized after light activation, which prevented complete spike block. These limitations 308 have to be taken into account when considering Aurora CA While action potentials, which were evoked by depolarizing the cells to potentials just above 317 the firing threshold, were efficiently silenced with all step-function-eACRs, we sought to 318 compare their performance more quantitatively. Rheobase measurements under illumination 319 with blue (460 nm for Phobos CA , 470 nm for iChloC CA ) or green (525 nm for Aurora CA ) light 320 revealed high silencing efficacy for Aurora CA (maximal rheobase shift: 379 ± 74 pA, n= 6), 321 while iChloC CA shifted the rheobase only marginally (maximal rheobase shift: 99 ± 34 pA, 322 n= 5). Phobos CA shifted the rheobase by 212 ± 65 pA (n= 6, Figure 5G ). The slow closing 323 time constant of all three step-function eACRs suggested high operational light sensitivity in 324 neurons ( Figure 2G ). Indeed, illumination of Aurora CA already at 0.01 mW/mm 2 was sufficient 325 to elicit a significant rheobase shift (p= 0.02). However, due to the smaller photocurrents of 326 Phobos CA and iChloC CA , higher light intensities were required for a significant silencing effect 327 (Phobos CA >0.1 mW/mm 2 , p= 0.006, iChloC CA >1 mW/mm 2 , p= 0.003, Figure 5G ). Taking into 328 account the toxic effects of Aurora CA expression and the weak performance of iChloC CA , we 329 considered Phobos CA the most useful step-function eACR to silence neurons in vivo and 330 focused our efforts on Phobos CA together with the fast cycling Aurora and Phobos variants. 331 332
Light modulation of behavioral responses in Drosophila 333
To test whether eACRs can functionally inhibit neurons in vivo, we used Drosophila 334 melanogaster as a model organism. We tested whether the novel eACRs can functionally 335 inhibit the larval nociceptive and motor systems. First, we compared the capability of 336 previously published enhanced halorhodopsin eNpHR 37 with iChloC 6 and Aurora to inhibit 337 nociceptive class IV da (C4da) neurons, which mediate larval nocifensive rolling responses 338 to mechanical stimulation 38, 39 . All animals were raised in the presence of all-trans retinal (ATR). eNpHR expression in C4da neurons caused only unspecific defects in nociceptive 340 responses and light-activation of eNpHR had no significant further effect ( Figure 6A ). In 341 contrast, iChloC activation by blue (460-495 nm) or green-yellow (545-580 nm) light 342 significantly reduced mechano-nociceptive responses. Notably, blue but not green-yellow 343 light illumination alone increased nociceptive responses in control animals that did not 344 express light-activated channels, likely due to the innate blue light sensitivity of C4da 345 neurons 17 . Activation of Aurora with 545-580 nm light strongly reduced nociceptive rolling, 346 suggesting efficient silencing of C4da neurons at a wavelength that does not facilitate 347 nociceptive responses ( Figure 6A ). 348
We next compared the functionality of the newly generated eACRs in larval locomotion. We Figure 6F , S9A). 367
However, this reduction was significantly smaller than in animals expressing Aurora or 368 Phobos ( Figure 6F ). Importantly, wild-type animals were not motionless during illumination. 369
They rather displayed stereotypic head-turns, which signify the innate escape response and 370 therefore reduced linear locomotion speed 40 (Videos 1&2). In contrast, activation of Phobos 371 or Aurora also abolished head-turning and therefore efficiently inhibited the motor system 372 (Videos 3&4). 373
Due to the direct impact of continuous illumination on locomotion, we reasoned that the step 374 function mutations should allow us to uncouple the innate light response from the neuronal 375 silencing effect. We found that Aurora CA expression in larval motor neurons was toxic, 376 perhaps due to leak currents in the dark. In contrast, animals expressing iChloC CA , were 377 normal, but locomotion could not be inhibited with light (not shown), probably due to the low 378 rheobase shift achieved with iChloC CA (Figure 5G, S6B ). Phobos CA , on the other hand, was 379 well tolerated by larvae, and activation was able to fully inhibit larval locomotion, which was 380 sustained for at least 120 s after the light pulse (p< 0.0001, n= 52 animals, repeated 381 measures one-way ANOVA, followed by Sidak's multiple comparisons test, Figure 7B , Video 382 5). Spontaneous recovery of coordinated forward locomotion occurred at slightly different 383 time points in individual animals (indicated by asterisks in video 5) and was often not 384 observed during the entire recording period of 210 s ( Figure 7A, B 
Discussion: 426
We extensively explored the possibilities to engineer novel eACRs from 11 different well-427 characterized CCRs ( Figure S1 ) by employing two independent strategies based on previous 428 mutagenesis of CrChR2 7 or the C1C2 chimera 5 . The first strategy was based on the 429 exchange of an acidic glutamate for a basic arginine at position 90 (E90R) in the central gate 430 of CrChR2. The second strategy aimed at systematically replacing negative charges in the 431 outer pore of the channel with positive or neutral charges, without compromising the 432 photocycle or protein stability of C1C2. Residual proton conductance of both variants was 433 eliminated in a second round of optimization yielding the two highly chloride selective eACRs 434 iC++ and iChloC 4, 6 . The successful conversion of two different, yet closely related CCRs 435 (CrChR2 and C1C2, figure S10) prompted us to systematically investigate the applicability of 436 the two conversion strategies to other CCRs. We focused mainly on CCRs with blue-or red-437 shifted action spectra relative to iC++ and iChloC. We also asked if the iC++-strategy was 438 applicable to CrChR2 and conversely, if the iChloC-strategy was applicable to C1C2. 439
Interestingly, while ion selectivity could be inverted in CrChR2 with both strategies, 440 conversion of C1C2 with the ChloC approach -albeit successful -yielded low channel 441 expression in HEK cells and negligible photocurrents ( Figure S2 ). Low expression or 442 improper subcellular targeting was also observed for various CCRs converted with both 443 strategies. Thus, both mutagenesis strategies were limited to a small subset of CCRs and 444 not generalizable. The main limitation often appears to be the deleterious effect of 445 mutagenesis on proper folding and plasma membrane localization of the channel. For 446 example, both ChloC and iC++ conversion strategies failed for the three blue-shifted CCRs 447
TcChR, TsChR, PsChR2 and the fast CCR Chronos due to loss of protein expression 448 (except for the ChloC strategy on TcChR, which did not affect protein expression but failed to 449 shift ion selectivity). Similarly, photocurrents of the mutated red-shifted CCRs VcChR1, 450
C1V1b and Chrimson were extremely weak or absent altogether. However, in this case, 451 despite resulting in poor expression and low photocurrents, the iC++ approach rendered 452 VcChR1, C1V1b completely anion-selective. 453
The only CCR where both strategies yielded full anion selectivity without compromising 454 photocurrents except for CrChR2 was CoChR, which is closely related to C1C2 and CrChR2 455 ( Figure S10 ). While the ChloC approach alone resulted in an incomplete shift of the ion 456 selectivity, additional iChloC mutations rendered CoChR completely anion-selective. 457
However, as shown earlier, expression in neurons was cytotoxic, most likely due to leakiness 458 of the channel in the dark 6 . Since the ChloC/iChloC conversion strategy failed in all other 459
CCRs, we assume that the disruption in the central gate caused by the mutation of glutamate 460 to an arginine destabilized the protein. Alternatively, the hydrogen bonding network between 461 amino acids in the central gate may be differently arranged in different CCRs. 462 Also the iC++ strategy was too disruptive in most cases and only yielded three new eACRs 463 without introducing leakiness or compromising photocurrents. Of these three, two have a 464 similar action spectrum than the original iC++ and only Aurora, which was derived from 465
ReaChR, displayed an action spectrum that was red-shifted compared to existing eACRs. 466
We mapped the CCRs which could be converted with both approaches on a phylogenetic 467 tree. Interestingly, the conversion strategies were only successful in CCRs closely related to 468
CrChR2 and C1C2 ( Figure S10) . A blue-shifted eACR could be generated by altering the 469 action spectrum of an existing eACR. This was achieved by converting the two residues 470 T159 and G163 of iC++ to G and A, respectively, similar to the blue/shifted CCRs TcChR, 471
TsChR, PsChR2, yielding Phobos. In summary, we successfully produced both a red-shifted 472 eACR by applying the iC++ strategy to ReaChR and a blue-shifted ACR by introducing two 473 point mutations from blue-shifted CCRs in iC++. 474
Although these newly generated eACRs were well-tolerated by neurons, as with many 475 rhodopsins 36 , strong overexpression led to cytoplasmic aggregates, suggestive of a residual 476 protein fraction that did not properly integrate into the plasma membrane. Thus, if possible, 477 expression should be tightly controlled and kept at the minimal level required to achieve the 478 desired photocurrents. In the case of iChloC CA The photocurrents produced by the natural GtACR1/2 are higher than those of any other 495 ACR or CCR engineered or discovered so far, probably due to their large unitary 496 conductance 1 . Therefore, nACRs may be favored over eACRs if acute, transient silencing is 497 desired. However, due to their large conductance, illumination of nACRs at the far edges of 498 their absorption spectra may still generate significant photocurrents potent enough to exert 499 neural silencing. Especially during continuous illumination, which is required for neuronal 500 silencing with nACRs, the action spectrum broadens 34 . This limits the combination of nACRs 501 with other light-dependent applications that require illumination with wavelengths close to the 502 borders of the nACR action spectra. Moreover, step-function variants of nACRs that can be 503 toggled between conducting and non-conducting states by light with different wavelengths 504 have not been reported. Engineering true step-function opsins (SFO) 19,20 from nACRs is not 505 straightforward due to the low degree of homology between nACRs and most 506 CCRs/eACRs 43 . In contrast, the SFO-strategy was previously applied to iC++ where 507 introduction of the C128A mutation yielded the SFO-eACR SwiChR++ 4 . In the present study, 508
we demonstrate that Aurora, Phobos and the previously published iChloC can be turned into 509
SFOs by the C128A mutation, slowing down channel closing by up to 4 orders of magnitude. where constructed using conventional PCR and restriction enzyme-based cloning methods 550 (FastDigest, Thermo Fisher Scientific, Waltham, MA). Briefly, ChR cDNAs were cloned into 551 p-EGFP-C1 vectors using NheI and AgeI restriction sites. EGFP was replaced by mCherry 552 using AgeI and XhoI restriction sites except for iChloC variants where a p-EGFP-N1 vector 553 was used. The QuikChange II kit (Agilent Technologies, Santa Clara, CA) was used to 554 exchange single or multiple amino acids (C128A, T159G and G163A) in ChloC/iChloC based 555 variants. For the iC++ based approach, ChR variants with the replaced N-terminus of iC++ 556 and all iC++ homologous mutations were constructed in-silico, synthesized (GenScript, NJ) 557 and cloned into p-EGFP-C1 vectors as described above. Amino acid sequences and 558 mutations can be found in the supplementary material ( Figure S1 ). We deposited the 559 plasmids encoding for eACRs with the Addgene plasmid repository (#98165: p-mCherry-C1-560 iC++, #98166: p-mCherry-C1-Phobos, #98167: p-mCherry-C1-Aurora, #98168: p-mCherry-561 C1-iC++_CA, #98169: p-mCherry-C1-Phobos_CA, #98170: p-mCherry-C1-Aurora_CA, # 562 98171: p-mCherry-N1-iChloC_CA, #98172: p-mCherry-C1-iChR2 T159C ++, #98173: p-563 mCherry-C1-iCoChR++). 564 patched at low chloride conditions (10 mM intra-and extracellular). In whole-cell 577 configuration the extracellular buffer was changed to high chloride (150 mM), resulting in a 578 liquid junction potential of 10.5 mV that was corrected on-line. The buffer composition for the 579 pipette solution (10 mM Cl -) was (in mM): 2 MgCl 2 , 2 CaCl 2 , 1 KCl, 1 CsCl, 10 EGTA, 580 10 HEPES, 110 Na-Aspartate. The low/high chloride bath solution (10/150 mM Cl -) was 581 composed of (in mM): 2 MgCl 2 , 2 CaCl2, 1 KCl, 1 CsCl, 10 HEPES, 0/140 NaCl, 140/0 Na-582 osmolarity was adjusted to 320 mOsm for extracellular solutions and 290 mOsm for 584 intracellular solutions. External buffer solutions were exchanged by perfusion of at least 585 2.5 ml of the respective buffer into the custom made recording chamber (volume ~500 µl) 586 while the bath level was kept constant with a ringer bath handler (MCPU, Lorenz 587
Messgerätebau, Katlenburg-Lindau, Germany). Patch pipettes were pulled using a P1000 588 micropipette puller (Sutter Instruments, Novato, CA), and fire-polished. Pipette resistance 589 was 1.5 to 2.5 MΩ. A 140 mM NaCl agar bridge served as reference (bath) electrode. In 590 whole-cell recordings membrane resistance was >500 MΩ (typically >1 GΩ) and access 591 resistance was below 10 MΩ. All experiments were carried out at 25 °C. Signals were 592 amplified (AxoPatch200B), digitized (DigiData1400) and acquired using Clampex 10. To record action spectra, a motorized neutral density filter wheel (NDF) (Newport, Irvine, CA) 604 was inserted into the light path between the Polychrome V and the microscope to obtain the 605 same photon irradiance for all wavelengths (390 to 670 nm; 10 or 20 nm steps). Custom 606 software written in LabVIEW (National Instruments, Austin, TX) was used for control and 607 synchronization with electrophysiological experiments. Light was applied for 10 ms at 0 mV 608 holding potential. Minimal deviations in photon irradiance were corrected by linear 609 normalization post measurements. 610
To record inactivation spectra of step-function eACRs, a 150 W Xenon lamp 611 (LOT-QuantumDesign, Darmstad, Germany), filtered with single band pass filters 612 (460±10 nm, 490±8 nm and 520±20 nm) was coupled into the light path using a 30/70 beam 613 splitter (Chroma, Bellows Falls, VT) to activate slow-cycling eACRs. The 10 ms light 614 exposure was controlled with the same programmable shutter system as used for the 615 Polychrome V. Next, light of various wavelengths at the same photon irradiance (adjusted as 616 described above) was applied for 8 s to inactivate (or additionally activate) eACRs, followed 617 by complete channel closing achieved by application of red light for another 8 s. The holding 618 potential was kept at 0 mV. 619
For light titration experiments, ND filters (SCHOTT, Mainz, Germany) were used for 620 attenuation. Activating light was applied for 1 s (fast cycling variants) 12 s (slow cycling 621 variants). The holding potential was kept at 20 mV. In case of step-function eACRs, channel 622 closing was accelerated with application of red light between single trials ( Figure S4A ). 623 whereas in iChloC E83Q and E101S were additionally introduced. The D156N mutation from 982 slowChloC is also present in iChloC (left). iC++ exhibits 10 mutations and a modified N-983 terminal sequence (right). (B) Summary of the mutation transfer approach. Most ChR-984 variants harboring ChloC-or IC++-mutations showed no photocurrents. In addition, of 985 constructs, which produced a photocurrent, the majority had no or only partial Clconductivity 986 (σ(Cl -)). For details and ChR abbreviations, please see main text. (C) Action spectra of 987 eACRs. Peak wavelengths (indicated above) were obtained from fitting with a 3-parameter 988
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Weibull distribution. In addition to typical low intensity action spectra (solid lines) obtained 989 with 10 ms pulsed activation, a spectrum with continuous illumination of 500 ms and tenfold 990 increased photon irradiance was recorded for Aurora (dotted line). Data points show mean ± 991 SEM (n = 6) Phobos, 9 iC++, 7 Aurora, 6 Aurora with tenfold photon irradiance, 6 iChloC). 
